The mineralization of 1.0 to 100 ng each of four complexing compounds-oxalate, citrate, nitrilotriacetate (NTA), and EDTA-per ml was tested in media prepared in accordance with equilibrium calculations by a computer program so that the H, Ca, Mg, Fe, or Al complex (chemical species) was predominant. Sewage microorganisms mineralized calcium citrate more rapidly than iron, aluminum, or hydrogen citrate, and magnesium citrate was degraded slowest. Aluminum, hydrogen, and iron oxalates were mineralized more rapidly than calcium oxalate, and magnesium oxalate was decomposed slowest. Sewage microorganisms mineralized calcium NTA but not aluminum, magnesium, hydrogen, or iron NTA or any of the EDTA complexes. Pseudomonas sp. mineralized calcium and iron citrates but had no activity on hydrogen, aluminum, or magnesium citrate. Pseudomonas pseudoalcaligenes mineralized calcium, iron, hydrogen, and aluminum citrates but had little activity on magnesium citrate. Pseudomonas alcaligenes used calcium, iron, hydrogen, and aluminum oxalates readily, but it used magnesium oxalate at a slower rate. Listeria sp. destroyed calcium NTA but had no effect on hydrogen, iron, or magnesium NTA. Increasing the Ca concentration in the medium enhanced the breakdown of NTA by Listeria sp. The different activities of the bacterial isolates were not a result of the toxicity of the complexes or the lack of availability of a nutrient element. NTA mineralization was not enhanced by the addition of Ca to Beebe Lake water, but it was enhanced when Ca and an NTA-degrading inoculum were added to water from an oligotrophic lake. The data show that chemical speciation influences the mineralization of organic compounds by naturally occurring microbial communities and by individual bacterial populations.
Many organic compounds that have amino or carboxyl groups spontaneously form coordinate bonds with metal cations (2, 16) and hence form metal-organic complexes. Aquatic chemists use the term "chemical speciation" in recognition of the multiplicity of forms assumed by compounds that undergo complexation reactions (23) . Although many organic substrates may exist in a variety of chemical species, little is known of the effects of chemical speciation on the mineralization of organic compounds.
The complexation of humic substances by metal cations has been proposed to explain the persistence of constituents of humus (22) . Insoluble metal-humate or metal-polysaccharide complexes added to soil are mineralized at different rates or to different extents or both, depending on the metal involved in complexation, but interpretation of these findings is sometimes difficult because of the possible toxicity of the metal (1, 13, 17) . The chemistry and microbiology of nitrilotriacetate (NTA) biodegradation have been reviewed by Warren (28) . The mineralization of complexes of NTA and EDTA has been measured in samples from natural environments, but interpretation of these data is difficult because of possible metal toxicity or because the speciation of the test complex might have changed during the experiments (3, 25, 26) . A Pseudomonas sp. strain able to mineralize sodium NTA could not mineralize nickel NTA (8) . Moreover, different metal-citrate complexes are transported at different rates into membrane vesicles of Bacillus subtilis (4, 30) , and dissimilar transport rates could be reflected in different mineralization rates.
The present study was designed to provide data that would permit interpretation of the effects of chemical speciation on microbial mineralization. For this purpose, a computer program that calculates simultaneous chemical equilibria was used as a guide in preparing defined media whose compositions favored particular chemical species of oxalate, citrate, NTA, and EDTA.
MATERIALS AND METHODS Defined media. The compositions of the media were determined with information provided by MINEQL, a computer program for the calculation of chemical equilibria of aqueous systems (29) . Computer programs for predicting complex chemical equilibria in aqueous solutions have been developed (18) , critically evaluated (19) , and applied to the interpretation of biological processes (9, 12, 21) . All glassware and polypropylene containers were cleaned in NoChromix solution (Godax Laboratories, Inc., New York, NY) and rinsed six times in distilled water and then six times in reagent-grade water. Reagent-grade water was used in the media. Inorganic nutrients were added to the media to obtain the following elemental ratios (weight/weight): C/N, 4 or lower when the carbon source contained N; C/P, 8.5 ; C/S, 25; C/K, 5 or lower when KCI was added to adjust ionic strength; C/Ca, 50 or lower when Ca complexes were prepared; C/Mg, 50 or lower when Mg complexes were prepared; C/Fe, 125 or lower when Fe complexes were prepared; C/Mn, 100; C/Cu, 1,000; C/Zn, 1,000; C/Co, 1,000; and C/Mo, 1,000. Solutions containing K2HPO4, KH2PO4, (NH4)2S04, NH4Cl, FeSO4 * 7H20, MnSO4 * H20, CaCl2 2H20, MgCl2 * 2H20, MgSO4 * 7H20, NaMoO4 2H20, CaSO4 * 5H20, ZnSO4 * 7H20, CaCl2 * 6H20, KCl, FeCl3 -6H20, AlCl3 * 6H20, disodium NTA, oxalic acid, citric acid, formic acid, EDTA, sodium acetate, and glucose were added to 125-ml Erlenmeyer flasks to obtain the final ratio of these medium components. The ionic strength of all media was adjusted to 0.1 M. When complexes containing Ca or Mg were used, the ionic strength was adjusted solely by the addition of their chloride salts. When complexes containing Fe or Al were used, sufficient amounts of Fe or Al were added as determined by MINEQL, and the ionic strength was made up to 0.1 M by the addition of KCI. When protonated or anionic forms of nonchelated organic compounds were used, only KCI was added.
The media were then adjusted to pH 6.05 by the addition of 0.01 M HCI or KOH, and 60-, 40-, or 30-ml portions were placed in the flasks. Radioactive compounds were added to yield between 300 and 1,200 dpm/ml, and the media were sterilized. Because the labeled compounds were added in small volumes of dilute solutions, their effect on the pH was considered negligible. The pH of the media was assumed to have fallen to 6.00 as a result of autoclaving.
The compositions of the media were designed to allow for the dominance of individual chemical species. For example, the following were present in media to yield an organic anion concentration of 10 ng of C per ml. In some cases, the preparation of mixtures of soluble species with insoluble hydroxides was unavoidable. However, although the calculations indicated that precipitates should have appeared in the media, they were never visible to the eye. When the calculations showed that it was impossible to prepare the desired chemical species of iron and aluminum oxalates, the experiment was performed by adding iron and aluminum in equimolar ratios to the oxalate. Media identical to those described above but with the organic compounds present at 1.0 to 100 ng of C per ml were inoculated with sewage or pure cultures, and mineralization was determined. The inorganic components of the media used in measurements of the mineralization of nonspeciating compounds (i.e., organic compounds that do not react with the test cations) were the same as those used for studying the decomposition of citrate, oxalate, and NTA. The calculated distributions of organic anions between chemical species provided an estimate of the state of each medium immediately before the addition of an inoculum. Changes in the distribution of chemical species during carbon mineralization were considered to be unimportant because the initial state of the medium governs microbial activity and because the equilibria were insensitive to a 10-fold reduction in the concentration of organic anions (which corresponded to 90% mineralization of "'C).
Inocula. Raw sewage taken before secondary settling in the Ithaca, N.Y., sewage treatment plant was passed sequentially through Whatman no. 541 and no. 42 filter papers and a 5-,um membrane filter (Millipore Corp., Bedford, Mass.) The particulates that passed through the filter were collected by centrifugation at 4°C, washed once in a cold 0.74% KCI solution, and suspended in the KCI solution. The suspension was then passed through a 5-,um Millipore membrane filter to remove any clumps of material. Portions (0.4 ml) of the resulting preparation, which contained ca. 106 cells per ml, were added to each flask of medium.
Bacteria acting on the test compounds were isolated by inoculating portions of filtered sewage into an inorganic salts solution (pH 6.1) supplemented with 0.02% Na2H (C6H6NO6), 0.08% oxalic acid plus 0.74% KCl, 0.08% oxalic acid plus 0.71% MgCl2 * 6H20, 0.02% citric acid plus 0.51% CaCl2 * 2H20, or 0.02% citric acid plus 0.71% MgCl2 6H20. The flasks containing the solutions were incubated at 30°C on a shaker, the enrichments were streaked on agar media of the same composition, and individual colonies were restreaked on the same media. Isolates from these enrichments were identified by standard methods (6, 15) (Fig. 1) . Thus, magnesium citrate was not mineralized or was slowly mineralized when provided at 1.0, 10, or 100 ng of C per ml, and the rates were statistically significantly slower than for the other forms of citrate. The rates of mineralization of iron, aluminum, and hydrogen citrates were faster but were not significantly different from one another. The rates of disappearance of carbon from calcium citrate were always greatest, but these rates were only statistically different at the two higher concentrations. It is noteworthy that more than 90% of the carbon was often converted to CO2. As expected, the rates increased as the concentration of substrate increased.
The sewage microflora also had different effects on the various forms of NTA. Calcium NTA was mineralized at concentrations of 1.0, 10, and 100 ng/ml (Fig. 2) . As the concentration of calcium NTA increased, the rate of its breakdown increased. No mineralization of aluminum, magnesium, hydrogen, or iron NTA was detected at concentrations of 1.0, 10, and 100 ng/ml in 585, 585, and 419 h, respectively.
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Quite different results were noted in studies of the decomposition of oxalates. Each of the compounds was appreciably mineralized in the test period (Fig. 3) . Little magnesium oxalate was mineralized in 130 h when added at 1.0 ng/ml, but the compound was readily mineralized at 10 and 100 ng/ml. The rates of mineralization were greatest for aluminum, hydrogen, and iron oxalates, but the rates of their breakdown were not significantly different from one another. Calcium oxalate was also mineralized readily but at rates at each concentration that were significantly slower than those for aluminum, hydrogen, and iron oxalates and faster than that for magnesium oxalate. Sewage microorganisms were incubated with the various forms of EDTA supplied at C concentrations of 1.0, 10, and 100 ng/ml. Half of the flasks also received 1.0 ,ug of sodium acetate per ml each week to stimulate microbial activity. However, no EDTA mineralization was noted in 72 days.
Mineralization by pure cultures. Pseudomonas sp. and P. pseudoalcaligenes were grown in a glucose-inorganic salts medium, washed and suspended in 0.74% KCI, and added at a density of 105 cells per ml to the flasks. Pseudomonas sp. did not mineralize hydrogen, magnesium, or aluminum citrate in 90 h. In contrast, iron and calcium citrates were both mineralized, the conversions being similar for 30 h, after which time the breakdown of the former but not the latter stopped (Fig. 4) . P. pseudoalcaligenes acted quite differently, mineralizing hydrogen, calcium, iron, and aluminum citrates at identical rates but converting only 15% of the carbon of magnesium citrate to CO2 in 90 h. These data are anomalous because the first bacterium was isolated with calcium citrate as the carbon source and the latter was isolated with magnesium citrate as the carbon source.
To test whether the abilities of these bacteria to mineralize only some of the citrates resulted from toxicity of the cations or the chelates or from a nutrient deficiency, we added the five unlabeled citrates (100 ng of C per ml) to separate flasks containing a defined medium. A mixture of labeled (800 dpm/ml) and unlabeled glucose was added to a final concentration of 100 ng of C per ml, and glucose mineralization by the two bacteria was measured. possible that the delay in glucose mineralization in the presence of calcium citrate resulted from the preferential use by Pseudomonas sp. of calcium citrate.
Listeria sp. was isolated in a medium containing a preponderance of hydrogen NTA as the carbon source. It was suspended in 0.74% KCI and inoculated at a density of 103 cells per ml into a defined medium with one of four forms of NTA added at a C concentration of 10 ng/ml. The bacterium had no detectable activity on hydrogen, iron, or magnesium NTA in 148 h. However, it did mineralize calcium NTA (Fig.   5A ). The lack of activity on hydrogen NTA is surprising because this was the form of NTA used for the isolation of the bacterium. When the four forms of NTA (unlabeled at 10 ng of C per ml) were added to media containing 10 ng of labeled glucose per ml and inoculated with Listeria sp., the rates of glucose mineralization were found to be unaffected by the presence of the various forms of NTA. This indicates that the use of only one of the four forms of NTA did not result from toxicity of the other three or from a nutrient deficiency in the media. Glucose metabolism was also not influenced if the media contained 0.035 M Ca.
The previous data suggest that, of the chemical species of NTA tested, only calciutn is susceptible to mineralization. To test whether the proportion of NTA as calcium NTA governs decomposition, mineralization by Listeria sp. was measured in media with various proportions of NTA as calcium NTA. The concentration of NTA as C was 10 ng/ml, and the ionic strength was held constant with appropriate additions of KCl. No mineralization occurred in 237 h in media with no calcium NTA but with a Ca concentration of 5 nM or 0.5 ,um or in media with 6% calcium NTA. Mineralization was evident in solutions with 40, 87, and 97% calcium NTA (Fig. SB) , and the differences in mineralization were statistically significant. As the calcium NTA concentration increased, the apparent lag period diminished and the extent of mineralization increased. The Ca. wz 60 Fe at a C concentration of 100 ng/ml were used to test whether toxicity of the cations or the oxalates accounted for the difference in utilization of the several oxalates. The oxalates Z 40
were added to a concentration of 100 ng of C per ml. MgCI2 and 100 ng of C as oxalic acid per ml, a solution in z 40 which 93% of the oxalic acid was as magnesium oxalate.
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After 4 h, the cells were collected by centrifugation and o Ca(A) added to defined media containing the five oxalates at a concentration of 100 ng of C per ml. Under these conditions, 20 magnesium oxalate was mineralized slowly at a rate that was ik \ Al (-) statistically distinct from those of calcium, hydrogen, alumi-H(o) num, and iron oxalates (Fig. 6C) . governed by the proportion of NTA as calcium NTA, a study was conducted to determine mineralization of NTA in water from Beebe Lake, Ithaca, N.Y., that received no Ca or Ca at three concentrations. The ionic strength was not held constant, but the pH (7.9) of all the treatments was the same. The data indicate that the addition of Ca to Beebe Lake water had no effect on NTA mineralization, the patterns of mineralization being statistically indistinguishable (Fig. 7A) 
